Co-axial propeller systems have been used successfully in fixed-wing aircraft for many years due to their inherently good performance. Likewise, several pioneering rotarywinged aircraft projects used co-axial rotors, such as the Westland WG-25 Mote, Gyrodyne DASH, and a range of rotorcraft from Kamov in Russia. There has been much debate over the years about whether the co-axial rotor arrangement is more efficient than traditional layouts. Our findings point to the fact that although the co-axial arrangement has a reduced power output of up to 15% when compared to an equivalent single rotor system, this can be offset by the elimination of the need for a tail rotor, which could save up to 20% of the required power. It is only recently that this type of technology has reached the small UAV market in the form of a series of semi-autonomous and autonomous rotorcraft which are starting to make their mark in the military, homeland security and civilian fields. This paper investigates the use of such systems and discusses their advantages, disadvantages and performance metrics.
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HISTORICAL PERSPECTIVE ON CO-AXIAL ROTOR AIRCRAFT
Co-axial propeller systems have been used successfully in commercial and military aircraft for many years due to their inherent efficiency savings (3-9%) over conventional single propeller systems [1] . Early examples of fixed wing aircraft with co-axial propellers are the Supermarine Spitfire (mk.XIX), Tupolev Tu-95 bomber (known as the bear, it still holds the speed record for a turboprop aircraft), the Fairey Gannet and the Avro Shackleton. More recent developments include the Antonov AN-70 heavy lift aircraft which has a payload of 47 Tonnes and has a maximum speed of 485 mph. The aim of this paper is to both review and investigate co-axial rotor systems with special reference to applications of this novel propulsion system within small UAVs. Early rotary winged aircraft with co-axial rotors include Westland's WG-25 Mote-Wisp-Wideye and Sharpeye prototypes, the Gyrodyne DASH developed by Peter James Papadakos [3] , the Cierva CR
Twin and a range of rotorcraft from Kamov in Russia, such as the Ka-50 Black Shark. More recent developments include the Sikorsky X2 Demonstrator which has benefitted from experiments with the earlier Sikorsky Cypher II UAV which flew in the 1990s. A good historical overview of these developments is given by Vanderover and Visser [4] . 
OPERATIONAL CONSIDERATIONS FOR CO-AXIAL ROTORCRAFT
The focus of this paper will be on co-axial contra-rotating rotors as opposed to offset tilt rotors (V22 Osprey), intermeshing rotors (Flettner Synchropter) or tandem rotor aircraft (Boeing Chinook CH-47).
In terms of Vertical Take-Off and Landing aircraft (VTOL) employing co-axial rotors, the single biggest advantage is the redundancy of a tail rotor due to the inherent yaw (torque) cancellation effect. A conventional tail rotor has been estimated to consume 5-10% of the total power supplied by the engines, sometimes up to 20% at the extremes of the flight envelope.
The main advantages and disadvantages of co-axial rotor systems are listed below [6]:
Advantages
• Tail rotor shaft failure remains one of the prime causes of helicopter accidents, both military and civilian. In the absence of any tail rotor to drive, this problem area is eliminated. • No drive train losses due to tail rotor. While the drive train/gearbox required for a contra-rotating layout is considerably larger than that of a conventional helicopter, it is still smaller, and hence subject to lower mechanical losses, than that of a conventional helicopter's gearbox and additional tail rotor drive gears. • Shorter fuselage, smaller helicopter, reduction of visual signature, smaller target. A great benefit of this sort of helicopter layout is that of the small size of the operational aircraft's considerably shorter fuselage. In addition to this the stowed aircraft will take up considerably less hanger/bunker space. • No possibility of tail rotor strike; a major cause of helicopter crash. With the exclusion of the tail rotor a major cause of helicopter accidents has also been reduced. • Reduced audio signature. A tail rotor has the problem (due to its small size) of high rotational speed and subsequently operated close to the transonic region. This has the effect of producing a great deal of noise, as under certain conditions, the tips can go sonic, producing the accompanying 'boom'. • Reduced angular momentum. Without the need for that tail rotor, and the subsequent reduction in fuselage length, angular momentum is lower as there is no large mass hanging way out to the rear. The effect this has on aircraft capability is that faster, more accurate turns can be accomplished. • Higher speeds possible due to no Retreating Blade Stall (RBS) on tail rotor, therefore an increase in high-speed directional stability. • Directional stability through cancellation of main rotor gear torque moment (Yaw torque reaction). As each rotor is rotating in the opposite direction, hence cancelling any torque reaction on the fuselage and allowing for directional stability by not having to counter this reaction by applying rudder as collective is increased. • Indifference to cross wind conditions; reduction in operational height, higher tracking accuracy.
The rotor configuration is not effected by crosswinds due to the absence of loss of tail rotor effectiveness. As air blows through the tail rotor in the direction it is blowing air, efficiency is lost and the rotor pitch needs to be increased (possibly leading to a tail rotor stall). This indifference, coupled with the absence of a tail rotor, allows for ultra-low level operations around obstacles. • No dynamic roll. Dynamic roll, seen prior to the onset of RBS (which would still incur a pitchup) is effectively eliminated due to the balance of the differential lift effect from the different sides each of the rotors. • Increased pressure differential over the rotor system; increased thrust; higher efficiency for increase in thrust, reduction in rotor diameter for given thrust. This combination shows a greater efficiency in increase in thrust per unit increase in power. It is both dimensionally more compact and aerodynamically more efficient than that of a conventional rotor layout. • Compact size through use of concentric shafts. With use of a concentric contra-rotating shaft, the size of the system can be made smaller than that of other contra-rotating systems. • High level of yaw authority, extending well into the flight envelope. As yaw authority is not totally limited to that of the aerodynamic capabilities of a tail rotor, being dependant on that of the differential rotational inertia applied to each disc, being used to generate a yawing motion, operability extends beyond that of the tail rotor system.
Disadvantages
• Complexity of linkages required to operate pitching control for each of the rotors and the associated problems of maintenance. The nature of very complex linkages results in greatly complex manufacture, assembly and susceptibility to battle damage. • Issue of maintenance access necessitating disassembly of large portions of the main rotor gear to replace e.g. battle-damaged components. The complexity and level of articulation of components results in high maintenance time. • Inter-rotor wash interference. Increase in audio signature. Alpha considerations for lower rotor.
Reduced efficiency of the lower rotor. As far as the theory goes there is a strict limitation for the alpha limits on the lower rotor due to the swirl imparted to the downwash flow from the upper rotor. Hence the upper rotor swirls the air in the opposite direction to which the rotor rotates, this will result in the flow travelling in the same direction as the lower rotor. The lower rotor has to run faster to allow it to generate the same lift as the upper rotor. The result is high tip speed and increase in noise. • Importance of flow interaction, requirement for rotor spacing. There will be restrictions over inter-rotor spacing due to purely aerodynamic considerations. In the case of contra-rotating propeller blades, spacing is not a great aerodynamic issue as any cross-wind component will be disproportionally small in comparison to the axial flow due to the direction of flight. To ensure sufficiently clean flow for the lower rotor, the spacing must be wide enough to allow as little interaction of the swirl of the upper rotor to impinge on the retreating component of the lower rotor. This must be such that the design tolerance for blade incidence is not exceeded anywhere over the lower rotor. • Additional weight and complexity of main gear drive. To drive a contra-rotating configuration takes much more robust drive gear over, say, the gearing to drive the tail rotor, although losses would be comparable, due to the two boxes required for the tail rotor. • High cost. The nature of this rather unusual configuration results in a relatively high manufacturing cost. Hence, higher running costs due to longer maintenance time and higher component cost.
Based on the above observations, it is clear that co-axial systems enjoy many advantages in terms of efficiency and operational capability, but suffer from the issues of mechanical complexity.
The data in Table 1 gives an insight into the most efficient co-axial arrangement. Disc loading varies from 18-54 kg/m 2 and the rotor separation ratio varies from 0.08-0.14, with an average figure of 0.11 (H/D). This compares favorably with data reported by Coleman [1] in terms of an acceptable rotor separation ratio for optimum efficiency.
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THEORETICAL ANALYSIS OF CO-AXIAL ROTOR SYSTEMS
The co-axial rotor system can be analyzed using a simple momentum theory. The foremost text on this is given by Leishman [7] where he generates various theoretical models of these systems.
Considering the hovering co-axial case:
Assuming that both rotors are close together and both provide an equal amount of thrust, 2T, where T = W/2. The effective induced velocity of the rotor system will be:
(1) Therefore, the induced power is:
However, if each rotor is treated individually then the induced power for one rotor will be Tv i and for the two rotors separately:
If the interference-induced power factor κ int is considered to be the ratio of the two previous equations then: (4) This gives a 41% increase in induced power, relative to the power required to operate the two rotors individually. Although theoretically correct, this has been found to be overly pessimistic in practice.
Further analysis conducted when the rotors are separated vertically, such that the vena contractor of the upper rotor when it enters the plane of the lower rotor has an area A/2, has been shown theoretically to produce an increase in power required of 28% when operating both rotors at equal thrust and 22% when operated in a condition of equal torque. Even this figure has been shown to be an over prediction with the true value being closer to about 15% when measured experimentally [8] [9] . Other factors which might affect the performance of co-axial systems include a thrust recovery effect through the reduction in swirl losses and the effect of optimum H/D ratios [10] [11] [12] . The momentum theory gives a reasonably good approximation of the true conditions experienced by a co-axial rotor system; however, there are better theoretical predictors available, such as the Free-Vortex Theory and the Vorticity Transport Model. In this context, useful computer aided modeling work has been conduction by Kim and Brown (2008) [13] . Leishman (2006) states that: "Because the upper rotor generally operates at a higher thrust than the lower rotor to achieve a torque balance, the assumption that CT u /CT l = 1.2 gives slightly better agreement with measurements than an assumption of balance thrusts."
As discussed in this analysis, a co-axial rotor can never be as efficient as two separate rotors, however, given the fact that the single rotor will require some form of yaw control (torque elimination device) such as a tail rotor, and that this might consume up to 20% of the induced power, then a coaxial rotor system can approach, and possibly exceed, the efficiency of an equivalent single rotor system. It is also true to say that a co-axial rotor system will always be more compact that an equivalent single rotor system.
THE GROWTH OF SMALL CO-AXIAL ROTOR UAVS
Over the past few years, several small unmanned aerial vehicles have been developed which make use of the co-axial rotor principle. Many of these devices originate in Germany and are being sold to both the hobby market and the emergency services such as the police, fire brigade and other search and rescue organizations for use in disaster relief efforts.
The direction of developments has been towards smaller, lighter, more autonomous systems which have the capability to hover and perch with Vertical Take-Off and Landing (VTOL) as an essential, rather than a desirable feature. Several companies and research organizations, such as EMT-Penzberg, AirRobot, Draganfly and Middlesex University have been developing co-axial UAVs and these are now starting to enter the military and civilian markets with great success.
The Fancopter UAV from EMT-Penzberg was one of the first rotary-winged systems to be used by the German Army in 2006; they have since bought another 19 systems in October 2008. Another company based in Germany, AirRobot originally developed quadrotors for the German Army, but have recently been developing a co-axial tri-rotor version, the AR 70. They are also a partner in the µDrones EU consortium.
The Canadian company, Draganfly Innovations Inc. has been developing RC aircraft and parts for the past 10 years and has built up an enviable array of expertise and experience in this domain. In August 2008, they released their X6 co-axial tri-rotor UAV to critical acclaim. In 2009, they released their X4 quadrotor UAV and in Q4 2010 they plan to release their X8 which will be a co-axial quadrotor UAV.
My team from the Autonomous Systems Lab at Middlesex University entered the UK Ministry of Defence (MoD) Grand Challenge Event in 2008 with our own design of a co-axial tri-rotor UAV called HALO ® . This uses six AXI brushless outrunner motors with 3-bladed 10 × 6 inch propellers from GWS. The system has a payload capability of between 1-2 kg and an endurance of up to 40 min depending on the payload.
Many other research organizations and university teams have also developed co-axial UAVs, mainly for fun, but some have a serious purpose such as for the detection of IEDs and to provide for greater situational awareness in urban areas. A good example of this is a tail-sitter rotorcraft built out of readily available brushless outrunner motors and propellers, developed jointly between the University of Arizona in the USA and SUPAERO in France by Shkarayev et al. (2007) [14] .
The team conducted some excellent measurements of the flow through a small co-axial propeller system of 140 mm diameter and measured the difference between using the propellers in a Tractor and Pusher configuration. They noted that the Pusher configuration generated between 20-23% more thrust than the Tractor configuration for the same amount of input power. They reasoned that the motor parasitic drag in the Tractor configuration was the most likely cause of this effect. This VTOL MAV was successfully flight tested in 2007 and further work is ongoing to improve on the original concept.
To some extent the problems of design complexity and cost have been overcome by using simplified structural elements (fixed pitch rotors) and low cost off-the-shelf components, such as brushless outrunner motors, electronic speed controllers and standard sized rotors, developed for the RC market.
Thus, these types of UAV encompass all the advantages of co-axial systems, with little or none of the disadvantages or complicated mechanical arrangements. Compact, lightweight, stable observation platforms which are also cost effective to purchase and operate are the general requirements of the end user.
The specification for some of the more popular co-axial systems is given in Table 2 . It is interesting to note that several of the commercial manufacturers of these small UAVs are bringing out new models later in 2010, based on the proven successful co-axial arrangement.
Design considerations for the HALO co-axial arrangement
As stated previously, the author led a team of researchers at Middlesex University in London to design a small UAV in the form of a co-axial tri-rotor arrangement. This consisted of a series of three co-axial units in a triangular configuration using brushless outrunner motors from AXI in the Czech Republic. Before selecting the final motor-rotor combination a series of tests was conducted using a number of different rotors, varying the H/D ratio and tractor-pusher configurations.
Having selected the most efficient motor-rotor combination (AXI 2217/20 and GWS 1060), we then investigated the effect of rotor separation distance. It was found empirically that the optimum rotor separation distance, H was 120 mm (giving an H/D ratio of 0.47). The tractor-pusher relationship was then examined via a series of experimental tests. From these, it was found that the optimum arrangement was to have the top rotor turning CCW (tractor) and the bottom rotor turning CW (pusher). International Journal of Micro Air Vehicles Table 2 . Design specification for a selection of small co-axial UAVs. 
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EXPERIMENTAL DATA ON SMALL COMMERCIAL CO-AXIAL UNITS
During the search for low-cost commercial co-axial units, we came across three such systems which were readily available at a reasonable cost. The three systems were the Himax CR2816-1100 from Maxx Products Inc. in the US [15] , the PJS 3D 550R from the Czech Republic [16] and the CR28M-1050 from China [17] . The relative specifications of these systems can be seen in Table 3 below. These three co-axial motor units were tested in a specially built rig which was instrumented with two Hyperion Emeter II data loggers to capture the motor speed, motor current, motor voltage [18] . From this experimental set-up we were able to measure the Thrust and Torque and compute the Power and Efficiency of each system. From the graphs we were able to deduce the four propeller constants, i.e. the power constant and power factor, together with the thrust constant and thrust factor.
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From theory, these take the following form:
Output Power (Watts) = (rpm in 1000′s) power factor × power constant (5) Thrust (g) = (rpm in 1000′s) thrust factor × thrust constant (6) Thrust has been found empirically to exhibit a square law relationship when plotted against speed, whereas power exhibits a cubed law relationship (see Figures 14 and 15 ).
Once these constants have been determined they can then be used with the Emeter II to produce further tests with a direct readout of the overall efficiency figure on the Emeter itself and recorded in the data log. We have conducted a number of tests for different motor-prop combinations in order to determine the most efficient drive system for a particular purpose.
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CONCLUSIONS
Co-axial rotor systems have proven their worth over a number of years, and in various forms, from turbo-prop fixed-winged aircraft to rotary-winged helicopters. When used in manned rotorcraft, they certainly add a degree of mechanical complexity without much in return in terms of increased efficiency. As stated in this paper, the best we can probably hope for is a neutral system whereby the interference effect of the co-axial arrangement is offset by the elimination of the need for a tail rotorwhich in the worst case scenario can consume up to 20% of the total required power at the extremity of the operating envelope. Given this, the main design advantage is the fact that the co-axial rotor arrangement can be made more compact than an equivalent single rotor system. When we consider today's unmanned aerial vehicles, (the descendant of the remotely piloted experimental aircraft of the 1970's and 80's, rotorcraft employing co-axial systems do provide a distinct advantage over the traditional arrangement, in that they are designed for compact operation and transport, and also offer stable, VTOL platforms for surveillance tasks.
Given the long history of co-axial aircraft developments, it is a little troubling that there is no conclusive assessment of the validity or otherwise of an optimum rotor separation distance (H/D) ratio and an understanding of the benefits or otherwise of swirl recovery in small UAVs operating at very low Reynolds Numbers (∼20,000). Our results and investigations have highlighted that although large manned aircraft use an H/D ratio of around 0.1, the latest small UAVs employing co-axial rotors tend to have much higher ratios of between (0.25-0.47), implying a scaling effect.
Suggestions have been made as to operating different diameter propellers for the upper and lower discs (see Table 2 -Draganflyer X6) or for using different sized pitch propellers [19] (such as in the Himax CR2816, where the rear prop has 40% more pitch than the front prop), however this logic is contradicted by Andrew [10] who stated that the most promising results were obtained with an 8% reduction in the upper rotor radius. Perhaps the unbalanced thrust (torque) relationship between the upper and lower rotors plays a significant role in the performance of these units.
Where small co-axial UAVs have the edge, is in their use of fixed pitch rotors, which does away with the complex mechanical linkages of traditional manned rotorcraft. Maneuverability is therefore reliant on independent rotor speed control via high speed microprocessors which can adjust the required rotor torque between 100-500 times per second. Thus, these novel aircraft are of low mass (typically under 5 kg), have exceptional agility, are generally robust and best of all, are low cost (typically around US$3-15k).
Clearly, more research is necessary to prove-disprove and update the work of earlier researchers into these problematic areas of practical co-axial design theory.
